The effects of reducing solvent on copper, nickel, and aluminum joining using silver nanoparticles derived from a silver oxide paste was investigated by thermal analysis, transmission electron microscopy (TEM) observation, and tensile shear testing. A complete weight loss of diethylene glycol (DEG) in a paste occurred during the redox reaction, whereas a polyethylene glycol 400 (PEG) paste retained the PEG solvent until about 300°C due to its longer carbon chains. Residual PEG in the paste reduced the natural oxide film on copper and nickel substrates during bonding, facilitating a direct sinter of silver nanoparticles to these substrates. On the other hand, silver nanoparticles were sintered to the natural oxide film on an aluminum substrate by the DEG paste. The suitability of the reducing solvent for oxide film reduction of the metal substrate during bonding was explained by an Ellingham diagram.
Introduction
It is desirable to have electronic devices that work efficiently at elevated temperatures and consume less power after packaging the components. A bonding technology that can meet these requirements must be developed. In particular, there is a pressing requirement for suitable alternatives to the lead-rich, high melting point solders that contain chemicals hazardous to the environment. It has been difficult to develop lead-free solders for use at high temperatures because there is a requirement that the metallic bonds between mounted parts on semiconductor chips and varied wiring connections exhibit a long-term reliability. The mounted components of semiconductor chips (i.e., the die-bonded parts) generate considerable heat and thus require an improved thermal resistance.
Regarding the joining methods used for materials, sintering has been a primary research focus because it operates at a temperature below the melting point of the sintered materials. 1, 2) During the sintering process, solid-state powdered materials become a coherent mass upon heating, without melting. Silver nanoparticles are well known as a sintering material for power electronics packaging, 3, 4) because silver has higher thermal and electric conductivities than frequently used Sn-Pb or Pb-free joints.
5) The sintering temperature is lower for nanoparticles than for bulk materials because of their large surface energy contribution, as there are fewer atoms per particle and the surface area to volume ratio is higher. 6) Therefore, novel bonding processes using metallic silver-organic nanoparticles have been developed.
711) As a low-cost alternative, authors have proposed the use of silver oxide particles in the bonding process.
1218)
Some metals have a thin oxide film that develops on their surface, which can prevent metal-to-metal bonding. However, if a reducing solvent reduces not only the silver oxide, but also the thin oxide films on the metal during bonding, it can enable the silver nanoparticles to directly sinter to the metal substrate, achieving a metal-to-metal bonding. Authors have confirmed that copper oxide was not present at the interface after bonding using a polyethylene glycol series; 18) however, a detailed observation using high magnification equipment was not performed and the reducing solvent effects on other metals with natural oxide films was still unclear. Silver nanoparticles can be formed from silver oxide particles through an in situ redox reaction during the bonding process.
12) These silver oxide-derived nanoparticles have an identical high sinterability to conventional nanoparticles, allowing them to achieve a metal-to-metal bonding.
In this study, the effects of the reducing solvent on metal joining using silver oxide paste with metals having natural oxide films was investigated. Copper, nickel, and aluminum were chosen as metals with natural oxide films. Thermogravimetric (TG) and differential thermal analysis (DTA) were performed to evaluate the decomposition behavior of the silver oxide paste, while the bondability of these metal joints using the silver oxide paste was investigated using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and tensile shear testing.
Experimental Procedures
Silver oxide (Ag 2 O) particles from 2 µm to 3 µm in diameter were used. The particles were milled using an alumina mortar and mixed with a reducing solvent to a 180 µL/g concentration, and processed to a paste for bonding. Two types of reducing solvent were tested, including diethylene glycol (DEG) and polyethylene glycol 400 (PEG), which vary primarily in their carbon chain length and molar weight.
Pure copper, nickel, or aluminum substrates were used as the bonded material. The silver oxide paste, prepared with DEG or PEG, was applied to the bottom substrate (10 mm in diameter and 25 mm in length) using a 50 µm thick mask and preheated under optimized conditions to remove the excess reducing solvent (0.33°C/s to 100°C, held for 300 s for DEG and 0.5°C/s to 120°C, held for 600 s for PEG). Subsequently, an upper substrate 5 mm in diameter and 15 mm in length was placed onto the lower substrate, and the samples were heated to 300°C (for copper and nickel) and 300°C and 400°C (for aluminum) at a 1°C/s rate using an infrared heating furnace and held for 300 s at a 5 MPa pressure. The shear strength of the joints was measured using a strain rate of 0.5 mm/s.
The thermal characteristics of each silver oxide paste were measured with a combination of thermogravimetric (TG) and differential thermal analysis (DTA) at a heating rate of 1°C/s under an ambient atmosphere.
The cross section and fracture surface of each joint was observed with scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and analyzed using energy-dispersive X-ray spectroscopy (EDS).
Results and Discussion

Decomposition behavior of the silver oxide paste
The thermal reaction and weight loss from silver oxide reduction was evaluated using TG-DTA, with the results shown in Fig. 1 . The temperature where the individual pastes exhibited an exothermal peak accompanied by a significant weight loss was different: 115°C for the DEG and 133°C for the PEG. The position of these peaks indicates the formation of silver through the redox reaction between the silver oxide and reducing solvent. For the DEG paste, all weight loss occurred during the redox reaction, but for the PEG paste, the weight loss continued until the temperature reached about 300°C. The weight loss occurring after the completed redox reaction was likely caused by the combustion of residual PEG, which has higher evaporation and combustion temperatures than DEG as a result of its longer carbon chains. 18 ) Figure 2 shows the Ellingham diagram for metals reacting to form oxides. 19) The position of the line for a given reaction on the Ellingham diagram shows the stability of the oxide as a function of temperature. As we move towards the bottom of the diagram, the metals become progressively more reactive and their oxides become harder to reduce. For bonding temperatures from 300°C to 400°C, carbon can reduce copper oxide and nickel oxide to metallic copper and nickel, respectively. This indicates that the silver oxide pastes (containing the carbon-based DEG and PEG) can reduce the natural oxide film on copper or nickel substrates during bonding to achieve a direct metal bonding between them. On the other hand, for the aluminum plate, the sintered silver layer would be bonded to the natural oxide film on the aluminum substrate because aluminum oxide is more stable than carbon.
3.2 Bondability of copper and nickel joints using the silver oxide paste The cross section SEM images of the copper-to-copper and nickel-to-nickel joints are shown in Fig. 3 . The thicknesses of the silver layers in the DEG samples were larger than the PEG samples, regardless of the metal substrate used. Some of the silver paste made with PEG after preheating was discharged from the bonded substrates by the pressure applied from the top plate. As a result, a thinner layer of silver was formed during bonding. An intermediate layer, considered copper oxide, 18) was observed at the interface between the copper joint and DEG paste sample (Fig. 3(e) ). This layer likely resulted from a natural oxide film on the copper substrate that grew from the heating during the bonding process. On the other hand, there was no oxide layer confirmed between the copper joint and the PEG paste sample (Fig. 3(f ) ). This suggests that the PEG suppressed the formation and growth of copper oxide due to the greater quantity of carbon. In comparison, nickel oxide was not visible at the nickel joint interface for either the DEG or PEG sample ( Fig. 3(g) and 3(h) ). López-Beltrán and MendozaGalván have reported that the growth rate of nickel oxide is significantly low below 400°C, 20) supporting the result that nickel oxide was not present in this study at the interface after bonding at 300°C. To precisely investigate the interfaces of the copper and nickel joints, the joint interfaces with the PEG paste sample were observed using TEM, since it appeared to reduce oxide formation on the joints compared to DEG. The TEM images and EDS map images of the copper and nickel joints with the PEG paste are shown in Figs. 4 and 5, respectively. There was no oxide film observed at the interface of either the copper/sintered silver layer or the nickel/sintered silver layer (Fig. 4(a) and 5(a) ). The elemental analysis also revealed that there was no concentrated oxygen at the interface of the copper/sintered silver layer or the nickel/sintered silver layer (Fig. 4(b) and 5(b) ). These results demonstrate that the silver nanoparticles were directly sintered to the copper and nickel substrates. The TG-DTA analysis indicated that some PEG remained after the redox reaction was completed, and then combusted gradually until the sample reached 300°C (Fig. 2(b) ). Therefore, the oxide films on the copper and nickel substrates were reduced by the PEG combustion, with the residual PEG suppressing oxidation of the copper and nickel substrates during bonding to enable a direct sinter of the silver nanoparticles to the copper and nickel substrates. Figure 6 displays the shear strength of the copper and nickel joints using each type of silver oxide paste bonded at 300°C. In both types of joint, the shear strength increased when using the PEG paste. Stereo microscope and SEM images of the fracture surfaces after the shear test of the copper joint are shown in Fig. 7 . Corresponding EDS analysis of the fracture surfaces is shown in Table 1 . The EDS analysis indicated that the fractured surface of the joint with the DEG paste contained a higher amount of oxygen (Point 2) compared to the fractured joint surface with the PEG (Point 4). The results of the microstructural observation and EDS analysis suggest that the fracture mainly occurred at the copper oxide layer/copper substrate interface in the joint with the DEG paste, causing a low shear strength, but in the joint with the PEG paste, the fracture occurred at silver layer/ copper substrate interface. In all nickel joint samples, fractures occurred at the silver layer/nickel substrate interface. The shear strength of the nickel joints with both the DEG and PEG pastes were higher than that of copper joints with the PEG paste. This may be due to the lower growth rate of nickel oxide than copper oxide, which contributes the larger bonded area at the interface. The bonded area in the nickel substrate actually looks larger than that of the copper substrate.
3.3 Bondability of an aluminum joint using the silver oxide paste Figure 8 shows the cross section SEM images of aluminum-to-aluminum joints bonded with the DEG paste at (a) 300°C and (b) 400°C. It was determined that the silver nanoparticles were sintered to a greater degree at the higher temperature. In the magnified images shown in Fig. 8(c) and 
8(d)
, an aluminum oxide layer was not evident. The interface of the aluminum joints bonded with the DEG paste at 400°C was then observed using TEM with the result shown in Fig. 9 . A very thin intermediate layer (1020 nm thick) was observed at the interface between the sintered silver layer and the aluminum substrate. The EDS map shows oxygen was enriched in this region, indicating that the DEG did not reduce the natural oxide film of aluminum during bonding, and the silver nanoparticles sintered to this film. Figure 10 shows the shear strength of the aluminum joint using the DEG paste bonded at 300°C and 400°C. The fracture occurred at the silver layer/aluminum substrate interface in all DEG samples. The shear strength increased with bonding temperature. This is considered to be due to a dense sintering of the nanoparticles, which increased the bonded area at the interface. Therefore, the strength of the aluminum joint can be increased by higher temperature and pressure conditions. The aluminum joint bonded with the PEG paste at 300°C easily fractured after bonding, and thus observation of its joint cross section was not possible. This suggests that the residual PEG after redox reaction suppressed sintering of the silver nanoparticles to the aluminum substrate with a natural oxide film. Based on the obtained results, it could be concluded that applying a silver oxide paste to the metal substrate where the solvent enables a natural oxide film reduction, such as for copper or nickel, it is better to retain some solvent after the redox reaction. This facilitates a direct sintering of the silver nanoparticles to the metal substrates through the residual solvent reducing their natural oxide films during bonding. Whereas in the case that the oxide film was not reduced by carbon, such as for an aluminum substrate, a paste that lost all of its solvent weight during the redox reaction is suitable for sintering silver nanoparticles to a natural oxide film on the substrate. The effect of the reducing solvents on the oxide film reduction of metal substrates during bonding was explained thoroughly by the Ellingham diagram. 
Conclusions
(1) All weight loss of the DEG paste occurred during the redox reaction, but for the PEG paste, the weight loss continued until the temperature reached about 300°C due to its longer carbon chains. (2) The residual PEG reduced the natural oxide film on copper and nickel substrates during bonding, allowing the silver nanoparticles to directly sinter to the copper and nickel substrates. (3) Silver nanoparticles were sintered to the natural oxide film on the aluminum substrate. At 400°C, tensile share strength of the aluminum joint increased through the wider bonded area at the interface by dense sintering of silver nanoparticles. (4) The effect of the reducing solvents on the oxide film reduction of metal substrates during bonding was explained by the Ellingham diagram.
